An exciplex could be formed by blending a selected hole-transporting material (HTM)/electrontransporting material (ETM) pair, and the corresponding energy band gap is roughly determined by the energy difference between the lowest unoccupied molecular orbital (LUMO) of the ETM and the highest occupied molecular orbital (HOMO) of the HTM. In this study, three HTM/ETM combinations are adopted to generate blue, green, and red exciplexes, allowing us to design precise device architectures for the fabrication of exciplex-based white OLEDs (WOLEDs) with daylight-like emissions. The CIE coordinates of this WOLED varied close to the Planckian locus as the biases increase, with a high color rendering index of about 96. This high performance suggests this exciplex-based WOLED can provide high-quality white-light illumination. Photoluminance and lifetime measurements of the exciplex behavior of the HTM/ETM combinations indicate that the HTM and ETM selected should possess higher triplet energy bandgaps than those of their corresponding exciplex to avoid energy loss.
Introduction
The properties of organic light-emitting diodes (OLEDs) have received considerable attention, including their high contrast ratio, fast response time, high efficiency, etc. OLED development has gradually shied from uorescence to phosphorescence because phosphorescent materials can potentially harvest both singlet and triplet excited states to render an ideal internal quantum efficiency of 100%. Although phosphorescent OLEDs can potentially meet the requirements of practical display and lighting applications, phosphorescent emitters consisting of precious metals are expensive to produce. In addition, the device lifetimes of blue phosphorescent OLEDs still leave something to be desired because a phosphorescent guest and its corresponding host materials with wide energy bandgaps still suffer from insufficient electrochemical and thermal stability. Therefore, blue OLEDs still primarily rely on uores-cent materials which have an upper limit efficiency of only 25%. Recently, efficient OLEDs have been developed through two alternative techniques including exciplex and thermallyactivated delayed uorescence (TADF). A TADF material requires a small energy band gap between the rst triplet excited state and the rst singlet excited state (DE ST ), allowing for the collection of triplet excitons via reverse intersystem crossing. [1] [2] [3] Similarly, a small DE ST can be achieved with an exciplex generated by through-space intermolecular charge transfer between a hole-transporting material (HTM) and an electron-transporting material (ETM).
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The exciplex could be easily formed by applying commercially available materials. 10, 11 Exciplex-based OLEDs can also be very efficient given appropriate HTM and ETM in the emitting layer (EML). In general, an exciplex could be generated using a bilayer structure with both HTM and ETM or by directly mixing an HTM and an ETM. The latter typically results in greater exciplex production yields. In principle, since the exciplex energy band gap is determined by the energy-level difference, the energy band gap could be adjusted by choosing appropriate materials. For instance, the energy band gap could be determined by the energy difference between the lowest unoccupied molecular orbital (LUMO) of the ETM and the highest occupied molecular orbital (HOMO) of the HTM.
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OLEDs which can effectively imitate daylight would be of particular use in high-latitude areas where sunlight exposure is highly seasonal. [14] [15] [16] In 2009, Jou et al. proposed a sunlight-style OLED with a correlated color temperature (CCT) tunable from 2300 to 12 000 K, proving the possibility of fabricating a new low color temperature light source. 17 In 2013, the same group reported OLEDs with a candle light-style yellowish orange chromaticity with a power efficiency of 29 lm W À1 at 100 cd m À2 , a respective color rendering index (CRI) of 87 and a CCT of 2050 K. 18 The fabricated device minimized potential harmful effects of excessive blue emission on the human eye. In 2014, they demonstrated the feasibility of creating indoor sunset hues using a dusk-light-style OLED that exhibits a CCT ranging between 1500 and 3000 K. 19 The articial dusk hue shows a 92 color rendering index at 2745 K with an 87% luminance spectrum resemblance with the sunset hue. However, all these devices used the host-guest system in the EML, which not only requires expensive molecular emitters but also suffers from different rates of degradation of the emitters. Herein, we propose a pure exciplex-based white OLED (WOLED) with a delicate device architecture design which can generate emissions that approximate daylight, where the WOLED emission color closely tracks the Planckian locus.
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Experimental
OLED fabrication and characterization
The multilayer OLED devices were fabricated on glass substrates which had the typical structure with the organic layers sandwiched between a bottom ITO (120 nm) anode and a top metal cathode. Aer routine ultra-sonication cleaning of the indium tin oxide (ITO) coated glass in deionized water and organic solvents, the ITO-coated glass was pre-treated with UVozone for 5 minutes. The organic and metal layers were deposited onto ITO substrate by thermal evaporation in a vacuum chamber with a base pressure of about 10 À6 torr.
Device fabrication was completed in a single cycle without breaking the vacuum. The active area was dened by a shadow mask (2 Â 2 mm 2 ). Current density-voltage-luminance (J-V-L) characterization was measured using a Keithley 238 current source-measure unit and a Keithley 6485 pico-ammeter equipped with a calibrated Si-photodiode. The electroluminescent spectra were recorded using an Ocean Optics spectrometer.
Photophysical measurements
Thin lms for photophysical characterization were prepared by thermal evaporation on quartz substrates in a vacuum chamber. The uorescence spectra, phosphorescence spectra, and lifetime measurements were characterized by using a uorescence spectroscopy (HORIBA-uoromax plus). Phosphorescence spectra of thin lms or dilute solution (toluene) were conducted at 77 K by the spectrometer equipped with a microsecond ash Xe lamp as the pulsed excitation source. Different delay timescales were inserted between the pulsed excitation to collect the emission spectra. Time-resolved PL (TRPL) was measured by monitoring the decay of the intensity at the PL peak wavelength using the time-correlated single-photon counting technique with a nanosecond pulsed light-emitting diode (320 nm).
Results and discussion
Device architecture designs for exciplex-based OLEDs
To demonstrate our idea, all selected materials for the tested devices used commercially available compounds. Two commonly used HTMs, 4,4 0 ,4 00 -tris(N-3-methylphenyl-N-phenylamino)triphenylamine (m-MTDATA) 22 and 4,4 0 ,4 00 -tris(carbazol-9-yl)-triphenylamine (TCTA), 23 were respectively selected as hole transport layer or the HTM for the EMLs. In addition, 3,5,3
and 4,6-bis (3,5- 
26 are used as the electron transport layer or the ETM in the EMLs. Three combinations of HTM and ETM were used to produce an exciplex which was responsible for the blue to red emission shi. Since the energy band gap of exciplex is determined by the energy difference between the LUMO of the ETM and the HOMO of the HTM. Therefore, the emission color of the exciplex could be roughly estimated according to their energy levels before device fabrication. According to previous literature, the LUMO of BP4mPy, TmPyPB, and B3PyMPM were estimated to be around 2.57 eV, 2.73 eV, and 3.20 eV, respectively. [24] [25] [26] In addition, the respective HOMO of TCTA and m-MTDATA were estimated to be around 5.80 eV and 5.10 eV.
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Thus, the respective LUMO/HOMO differences for the following combinations are: 4.09 eV for TCTA : BP4mPy, 2.37 eV for m-MTDATA : TmPyPB, and 1.90 eV for m-MTDATA : B3PyMPM. They then could generate blue, green, and red emissions, respectively.
On the other hand, to imitate daylight emissions, the main carrier recombination zone was set at the red EML, producing an intense red emission at lower biases. In addition, a proper device architecture design will allow the carrier recombination zone to progressively extend to the green and blue EMLs as the forward bias increases. Hence, one could expect that the emission color of OLEDs might vary from red to white. Furthermore, a wide energy bandgap material, 2,6-bis(3-(9H-carbazol-9-yl)phenyl)pyridine (26DCzppy), 27 with bipolar transport capability was inserted between the green and red EMLs to ensure the recombination zone formed at the red EML at a lower bias. This buffer layer could help adjust the carrier transport and the exciton diffusion.
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Two kinds of exciplex-based WOLEDs are examined. Device A with double EMLs is congured as ITO (120 nm)/TCTA (40 nm)/ TCTA 50 wt% : BP4mPy 50 wt% (29 nm)/26DCzPPy (3 nm)/m-MTDATA 10 wt% : B3PyMPM 90 wt% (3 nm)/TmPyPB (50 nm)/LiF (0.8 nm)/Al (150 nm), for which LiF and aluminum are respectively used as the electron injection layer and reective cathode. The rst EML consisting of TCTA 50 wt% : BP4mPy 50 wt% is responsible for the blue emission, while the second EML for the red light was set as m-MTDATA 10 wt% : B3PyMPM 90 wt%. Moreover, the mixing ratio of the aforementioned exciplex-based EMLs were ne-tuned to generate an appropriate white light emission. The device architecture of devices B1 and B2 with triple EMLs consisted of ITO (120 nm)/TCTA (40 nm)/TCTA 50 wt%-: BP4mPy 50 wt% (29 nm)/m-MTDATA 80 wt% : TmPyPB 20 wt% (x nm)/26DCzPPy (3 nm)/m-MTDATA 10 wt% : B3PyMPM 90 wt% (3 nm)/TmPyPB (50 nm)/LiF (0.8 nm)/Al (150 nm). Compared to the architecture of device A, a green EML consisting of m-MTDATA 80 wt% : TmPyPB 20 wt% was inserted into the device next to the blue EMLs to improve the color rendering capability of the WOLEDs. 29 The thicknesses of the green EMLs were varied to adjust the emission colors, e.g., 1 nm for device B1 and 3 nm for the second set of device B2. The corresponding chemical structures of the materials and the schematic structure of the device architectures are depicted in Fig. 1 . Fig. 2 shows the normalized EL spectra and the corresponding CIE coordinates of the tested exciplex-based OLEDs under different biases. From Fig. 2(a) , device A exhibited a strong red emission at the lower biases and the blue emission peaks around 440 nm, which increased with the bias.
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However, the blue component was still much weaker than the red one even at higher voltages, resulting in device A's emission presenting a pinkish white color (cf. CIE coordinates shown in Fig. 2(d) ). On the other hand, the EL spectra of both B1 and B2 showed three peaks with satisfactory emission color. The wavelengths of the deep-blue, sky-blue, and red emission peaks were respectively recorded at 385 nm, 462 nm, and 652 nm. Although devices B1 and B2 presented similarly intense red emissions at lower biases, and the emissions ranging from blue to green region gradually increased with voltage, the intensity of the emission ranging blue to green rose signicantly at higher voltages, as shown in Fig. 2(b) and (c) . Furthermore, the CIE coordinates of both devices B1 and B2 displayed pure white emission at higher biases. The varied emission of device B2 was close to the Planckian locus as the biases increased, indicating the sophisticated design of device B2. In addition, device B2 exhibited high CRI values of about 96 in a wide luminance range from 100 to 1000 cd m À2 , corresponding to the CCT between 4359 and 7115 K. The numeric data collected from the EL spectra of device B2 are summarized in Table 1 . We also included the corresponding data of devices A and B1 in Table S1 in ESI † for comparison. It's notable that the CRI value of device B2 reached the highest level compared to the previous reports.
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These performances demonstrate that this exciplex-based WOLED (i.e. B2) possessed a high-quality white-light illumination.
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Fig . 3 shows the schematic energy level diagram of the tested OLEDs. Given the large barrier at the B3PyMPM/ 26DCzPPy interface, the hole injection was smoother than the electron injection in device A. As indicated, the red component dominated the EL emission even as the voltage increased. In addition, abundant hole injection reinforced the carrier recombination occurring in m-MTDATA : B3PyMPM layer, increasing the possibility of exciton formation on m-MTDATA molecules. The blue emission peak around 430 nm should originate from m-MTDATA, which could be conrmed by the PL spectrum and will be discussed later (cf. Fig. 5(a) ). Consequently, the original setting of blue EML (i.e. TCTA : BP4mPy) in device A was useless. In contrast, for the green EML inserted into devices B1 and B2, the hole would be partially trapped because of the low HOMO level of m-MTDATA, enabling appropriate adjustment of hole injection into the red EML. Thus, the electron could be transported to the green and blue EMLs and then recombine at higher voltages, creating much stronger green and blue emissions.
Furthermore, by increasing the thickness of the green EML, the emission of device B2 could be adjusted to present a pure white color. As indicated, the corresponding CIE coordinates of device B2 vary along the Planckian locus as the biases increase. Fig. 4 and S1 † respectively depict the current densityvoltage-luminance (J-V-L) curves and efficiency curves. From  Fig. 4(a) , as expected, devices B1 and B2 possesses additional green EML, showing lower current densities. 36 In addition, the current density decreased as the thicknesses of the green EML increased. In contrast, the luminance of device B2 exhibited a higher maximum luminance than the other devices, due to human eye to green. 37 The efficiency curves shown in Fig. 4 (b) and S1 † clearly indicate that a higher carrier balance could be obtained in device B2. The peak external quantum efficiency, luminance efficiency and power efficiency of device B2 were respectively 1.5%, 2.7 cd A À1 , and 2.0 lm W À1 . This WOLED efficiency was produced using commercially available materials to generate the exciplex. Although the efficiency was much lower than other state-of-art devices, this article focuses on the design of a feasible device architecture for exciplexbased WOLEDs to imitate daylight emissions. Moreover, device efficiency is expected to improve further by replacing the potential HTM/ETM combinations to achieving efficient increased efficiency as well the exciplex emissions. Photophysical properties of the tested materials and the exciplex lms Fig. 5 shows the photoluminescence (PL) spectra and the corresponding excited-state lifetime measurements of the used materials. In addition, three thin-lm samples composed of the used HTM/ETM mixture were also selected to examine the exciplex formation. The blending ratios of the three samples were the same as those used in the device. Samples B, G, and R respectively represent TCTA 50 wt% : BP4mPy 50 wt%, m-MTDATA 80 wt% : TmPyPB 20 wt%, m-MTDATA 10 wt%-: B3PyMPM 90 wt%. Fig. 5(a) presents the PL spectra of the HTM and ETM measured in toluene at room temperature, while the PL spectra of samples A, B, and C are depicted in Fig. 5(b) .
Comparing Fig. 2(a) with Fig. 5(a) , the emission peak around 430 nm shown in the EL spectra of device A should originate from m-MTDATA. As indicated, the PL spectra of the three samples were akin to the EL spectra of devices B1 and B2, conrming that the EL emission was the origin of the HTM/ ETM mixtures. Furthermore, the emission peaks of all three samples were red-shied as compared to the corresponding uorescence of the used materials. 38 Moreover, the respective full width at half maximum (FWFM) of the three samples were respectively estimated as 56, 106, and 142 nm. Evidently, the FWHM values of samples G and R were much wider than the uorescence of the common organic emitters, which clearly demonstrated the exciplex formation. 28, 39, 40 However, sample B did not present a typical exciplex emission with a broad spectral prole, but rather exhibited a narrower spectrum than those of samples G and R. Fig. 5(c) shows the excited state decay characteristics of the materials in toluene solution. All materials exhibited typical uorescent decay behavior. On the other hand, the curves exhibited in Fig. 5(d) clearly indicate that samples G and R possess two-component decay including a nanosecond-scale prompt and sub-microsecond-scale delayed components, while sample B had only a nanosecond-scale component. The delayed lifetimes for samples G and R were respectively estimated at 105.1 and 175.7 ns due to the slower reverse intersystem crossing processes from the T 1 back to the S 1 excited state. 40 Moreover, the respective lifetime values of samples B, G, and R were estimated to be 5.3, 27.5, and 28.2 ns attributed to representative uorescence decay.
From Fig. 5 (b) and (d), sample B seems to exhibit the behavior typical of a uorescent emitter. However, sample B shows a red-shied spectrum compared to the uorescence of TCTA and BP4mPy, suggesting that the emission origin of sample B is different from the S 1 of TCTA or BP4mPy. Consequently, the phosphorescence of TCTA, BP4mPy, and sample B were measured in 77 K, as shown in Fig. 6(a) . Both TCTA and BP4mPy possessed lower triplet energy bandgaps than that of sample B (i.e., TCTA : BP4mpy mixture). The triplet energy bandgaps of TCTA, BP4mPy, and sample B were evaluated based on the onset of the phosphorescent spectra and were respectively estimated to be 2.92, 2.94, and 3.31 eV. In addition, the phosphorescence of sample B was slightly red-shied compared to the uorescence. The small energy difference between the single and triplet excited states (DE ST $0.1 eV) conrmed that the emission originated from the exciplex. 7, 9, 39 Therefore, the related lower T 1 states of TCTA and BP4mPy would offer pathways for exothermic energy transfer, leading to energy loss and thus a shorter lifetime for sample B. The photophysical properties of the used materials and the thin-lm samples were summarized in Table 2 . Furthermore, we measured the phosphorescence of sample B with different delay times, as shown in Fig. 6(b) . The phosphorescence of exciplex gradually decayed with the extending delay time, while additional emissions appeared consisting of peaks similar to the BP4mPy's phosphorescence. These additional emissions could be seen as direct evidence of exothermic energy transfer. This was the rst demonstration of the assumption indicating that the selected HTM and ETM should possess higher triplet energy bandgaps than those of their corresponding exciplex to avoid energy loss to the composed single molecules.
41 Fig. 6 (c) shows a schematic diagram of the energy transfers in samples B and R.
Conclusions
In conclusion, we propose a specic device architecture for WOLEDs without any molecular emitter, realizing a pure exciplex emission generated by the mixed HTMs/ETMs layers. Each red, green, and blue emission could be obtained by combining the appropriate HTM and ETM. Furthermore, a bipolar buffer layer was inserted between the green and red EMLs to adjust the carrier distribution and thus alter the emission. As a result, the corresponding CIE coordinates varies along with the Planckian locus as bias increases, realizing that WOLEDs imitate daylight. Furthermore, photophysical results indicate that the HTM/ETM used to produce exciplex should possess a higher triplet energy bandgap than that of the exciplex, thus avoiding energy loss to the composed single molecules.
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